We present a new 3D cross-correlation instrument that not only allows for static and dynamic scattering experiments with turbid samples but measures at four angles simultaneously. It thus extends the application of cross-correlation light scattering to time-resolved studies where we can, for example, efficiently investigate the temporal evolution of aggregating or phase separating turbid dispersions. The combination of multiangle 3D and on-line transmission measurements is an essential prerequisite for such studies. This not only provides time-resolved information about the overall size and shape of the particles through measurements of the mean apparent radius of gyration and hydrodynamic radius, but also on the weight-average apparent molar mass via the absolute forward scattering intensity. We present an efficient alignment strategy based on the novel design of the instrument and then the application range of the instrument using well-defined model latex suspensions. The effectiveness of the cross-correlation multiangle technique to monitor aggregation processes in turbid suspensions is finally shown for the acidification of skim milk during the yoghurt-making process. Due to the self-assembled nature of the casein micelles an understanding of the sol-gel process induced by the acidification is only feasible if time-resolved light-scattering experiments on an absolute scale are possible under industrially relevant conditions, where the casein solutions are highly turbid.
Introduction
Static (SLS) [1, 2] and dynamic light scattering (DLS) [3] [4] [5] are very popular techniques for the characterization of colloidal suspensions. They provide a wealth of structural and dynamic information on mesoscopic length scales. The characteristic length scale of a light-scattering experiment l res is determined by the wavelength k of the light used to probe the system, where l res is given by the relationship l res / 2p/q. Here q denotes the scattering vector given by q = (4pn/k)sin(h/2), n is the index of refraction of the solvent, and h the scattering angle. DLS yields information about the dynamics of the system over an extended range of time scales. While it is routinely used for particle sizing, the technique has seen important developments that currently allow us to probe a number of dynamic features of complex fluids and viscoelastic solids such as colloidal glasses and gels [6] . SLS on the other hand is not only routinely used for molar mass determination in polymer sciences, but gives access to structure and interactions in colloidal suspensions via the measurement of the form factor P(q) and the structure factor S(q). However, most of the current applications of SLS and DLS rely on experiments with samples that exhibit single scattering only. This is quite in contrast to the situation encountered when dealing with industrially relevant systems, where multiple scattering often cannot be neglected.
While there are dynamic light-scattering schemes such as diffusing wave spectroscopy (DWS) that use the multiply scattered light for the analysis (e.g., [7] [8] [9] ), they in general do not provide q-dependent information and thus do not allow us to measure the full static and dynamic structure factor. There exist DLS techniques which reduce the effect of multiply scattered light, for instance, by reducing the path length of the beam in the sample [10, 11] , or by measuring in backscattering geometry [12, 13] . The major drawbacks of these approaches are that they are not able to remove multiply scattered light completely and they are limited in q range. However, there also exist several DLS schemes to suppress contributions from multiple scattering and thus extend the application range of light-scattering experiments considerably [14, 15] . They mostly rely on cross-correlation strategies, where the general idea is to perform two scattering experiments at the same time in the same scattering volume. If the scattering vector of both experiments is the same, singly scattered photons give correlated signals in both detectors. Multiply scattered light results in uncorrelated fluctuations that contribute to the background only, due to the fact that it has been scattered in a succession of different scattering vectors. Performing a cross-correlation between the signal of both detectors then allows a suppression of the contributions from multiply scattered light and to determine the single scattering intensity cross-correlation function or dynamic structure factor of turbid systems with the same information content that a hypothetical measurement under single scattering conditions would have provided. These cross-correlation experiments are not only restricted to DLS experiments, but also allow us to extend SLS experiments to turbid systems as the scattered intensity can be corrected for all contributions from multiple scattering. One possible realization of the cross-correlation method is the two-color technique [12, 14, 16] , which, however, poses extreme technical difficulties that have limited its application for routine measurements. Another implementation of such a cross-correlation approach is the so-called 3D cross-correlation scheme [14, 17, 18] that has been developed during the last few years to an extent that it can now be routinely applied for the characterization of turbid suspensions. There even exist instruments which combine the 3D cross-correlation with the echo technique and thereby give access to investigation of highly turbid and nonergodic samples [19] .
The fact that only the singly scattered light is used and that the multiply scattered light results in a reduction of the signal-to-base line ratio implies that there must still be a significant contribution of light which is scattered only once to the overall scattered intensity. This generally limits the use of the cross-correlation techniques to samples with a transmission of at least 1-2% [17] . While we can extend the applicability of the cross-correlation techniques to extremely turbid samples by reducing the path length of the light in the sample to a minimum and thereby increasing the amount of singly scattered light, the significant reduction in the signal-to-base line ratio nevertheless affects the typical measurement time. Given the fact that for particle size determination or measurements of molar mass and radius of gyration we normally have to do experiments at different scattering angles, this results in a very long experiment duration on classical goniometer-based 3D cross-correlation instruments [17] . While this does not really pose serious problems on stable systems, it often drastically limits our ability to investigate turbid suspensions that exhibit a time dependence such as aggregating or phase separating suspensions.
Here we therefore describe the development of a novel multiangle light-scattering instrument that implements the 3D cross-correlation scheme [14, 17, [20] [21] [22] and allows for time-resolved measurements of SLS and DLS in turbid suspensions. We first describe the layout of the instrument and its calibration, and then demonstrate its superior performance with a study of the aggregation and sol-gel transition in acidified skim milk, where the high turbidity normally excludes the use of light scattering for a quantitative description of the aggregation kinetics.
Instrument layout
The new light-scattering instrument fully implements the 3D cross-correlation scheme (Scheme 1). It allows for time-resolved measurements at four angles simultaneously. Multiply scattered light is suppressed, so that one can still detect intensities and correlation functions which originate from singly scattered light only.
A schematic drawing of the instrument is shown in Scheme 2. A Coherent Compass 415M-200 diode-pumped solid-state laser (532 nm) is used as light source. A polarization preserving single mode fiber (Dantec DAN 60 Â 30) is used in order to bring the illuminating beam to the instrument. The laser beam is split into two parallel beams, which are then focused onto the scattering cell by the lens L 0 (planar convex, focal length 150 mm, diameter 50 mm) with the wave vectors k ia and k ib . This lens has been chosen in order to allow for a sufficiently large d required for an efficient suppression of contributions from multiple scattering. In our current setup we have chosen values of R 6 100 lm for the beam waist at the scattering volume and d = 11.4°, which results in a suppression of double scattering by approximately a factor of 5.3 Â 10 À3 for k 0 = 532 nm (the efficiency for suppressing higher order contributions is much higher; for details see Ref. [14] ). Here d is the angle between the two incident beams (see Schemes 1 and 2). The scattering cell is immersed in an index match vat, where decahydronaphthalene (decaline) is used as the index matching fluid. The vat temperature is controlled via two heat exchangers that are connected to a thermostat. Four identical lenses (L 1 -L 4 ) are used for the detection side, and the scattered light with wave vectors k fa and k fb is collected and guided by a combination of a GRIN lens and a single mode fiber (OZ optics) at each monitored scattering angle h. The end of each fiber is connected via standard SMA fiber connectors to a homebuilt housing for 8 photomultiplier tubes (PM; H3460-54 photon counting heads), and the PM signal is processed by two amplifier/discriminators and fed into an 8-channel digital correlator (Flex01/8ch from correlator.com). The signals from each detector pair that covers the same scattering vector q (q a = q b ) are then cross-correlated to get four intensity correlation functions. A description of the alignment procedure of the instrument can be found in Supporting Information.
To correct for temporal fluctuations in the primary laser intensity I Laser a part of the laser is split of and detected separately by a photodiode. The corrected scattered intensity I c (q, t) was calculated with http://doc.rero.ch
where I Laser is the average laser intensity, I raw is the detected raw intensity, and I dark is the dark current of the detector.
The changes in the size of the scattering volume were taken into account by multiplying the static intensities with the sine of the scattering angle. 
In Eq. (3) I(q) is the scattered intensity on absolute scale, dR/dX is the Rayleigh ratio in cm
À1
, and n is the refractive index. Because of different sizes of the scattering volume at different scattering angles, different sensitivities of the detectors, and imperfectness of the alignment I Toluene takes different values for the different detectors.
The ratio of the intercepts of the correlation functions of the sample b ab and a singly scattering sample b ð1Þ ab gives the fraction of singly scattered light within the whole signal at this particular angle. The intensities given by the two detectors are geometrically averaged. The geometrical average must be chosen because the ratio of singly scattered light and the overall intensity is determined from the intercept of the intensity cross-correlation function g ð2Þ ab ðq; sÞ which contains the product of the intensities I a and I b .
Here S(s) is the dynamic structure factor. Consequently, the singly scattered intensity I 
where I a and I b are the intensities of the two detectors on absolute scale and I (1) are the corresponding single scattering intensities [20] .
The transmission was used to correct for the loss of singly scattered intensity in turbid samples. The singly scattered intensity I ð1Þ T¼1
without loss due to turbidity (which would in principle be measured in a cell of infinitely small diameter) can be calculated by
where T is the transmission of the sample in a cell of diameter d. The transmission was measured directly by dividing the intensity of the transmitted beam through the sample by the intensity of the transmitted beam through a cell filled with water. The intensities were measured with a power meter in the primary beam after the index matching vat. However, if the samples are extremely turbid the diameter of the cell must be reduced to increase the amount of single scattering (cells down to 2.4 mm inner diameter are used). Then the large curvature of the glass surface expands the primary beam in one dimension. This makes it impossible to measure the transmission accurately. In this case the transmission was measured in a separated flat cell with a thickness of 1 mm in parallel to the scattering experiment. The transmission T used for the correction in Eq. (6) was then calculated using the Lambert-Beer law
T fc is the transmission which was measured in the flat cell with a thickness of l and d is the diameter of the cylindrical cell which was used for the light-scattering experiment. Thus we are able to measure time-resolved static scattering intensities on absolute scale even in highly turbid samples. The angular range is not restricted to the four angles of the standard setup, as we can move the goniometer arm with the fiber of the incoming laser beam and thus simultaneously vary the scattering angles correspondingly. The accessible angles are between 10°a nd 150°, which corresponds to a q range between 0.003 and 0.03 nm À1 . For extremely turbid samples the cell diameter must be reduced as much as possible in order to reduce multiple scattering and obtain a measurable intercept of the correlation function. For a cell diameter of 1.6 mm, the correspondingly lower optical quality of the cell automatically limits the smallest measurable angle to about 30°. The resolution limit, defined by p/q min , therefore is normally approximately 1 lm. The typical measurement time depends strongly on the turbidity of the sample. Although the detected count rate of turbid samples is usually relatively high, one must consider that in turbid samples only the single scattering events give rise to a correlated signal. While for a diluted sample 60 s of measurement time might be sufficient, the time needed to achieve reasonable statistics increases therefore to 600 s or
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Scheme 2. Scheme of the multiangle 3D cross-correlation light-scattering instrument. The primary laser beam is split in two parallel beams, which are both focused into the same scattering volume within the cylindrical sample cell by lens L 0 . The optics of the incident beams is mounted on a goniometer arm to vary the scattering angles h. The detectors (D 1 -D 4 ) at four different scattering angles are fixed. At each angle two fiber optic detectors are mounted at exactly the same scattering vector with respect to the incident beams (see Scheme 1) . The signals of both detectors are cross-correlated to obtain the intensity correlation function. The transmission is measured by a power meter. To correct for fluctuations in the primary laser intensity a part of the laser is split off and detected separately by a photodiode. Neutral density filters are used to attenuate the incident laser beam to obtain appropriate scattering intensities. Furthermore other neutral density filters are placed in front of the detectors at small scattering angles. This is done to obtain signals in the same order of magnitude at all detectors even if the scattering curve is strongly decaying within the measured angular regime.
more when highly turbid samples are used. Under such conditions the multiangle approach then becomes essential in any attempt to perform time-resolved measurements.
3. Materials and sample preparation
Latex suspensions
Surfactant-free white sulfate latex particles with a diameter of 190 nm, a concentration of 8.1 wt%, and a narrow size distribution (3.1%) from Interfacial Dynamics Corporation (OR, USA) were used. To adjust the concentration the suspension was diluted with distilled water. The electrostatic interactions were screened by the addition of 5 mM KCl (P99%, Sigma).
Skim milk preparation
A 9.46 wt% of Nilac skimmed low-heat milk powder (NIZO, The Netherlands) was dispersed in Milli-Q water at room temperature and stirred at 40°C for 1 h. This leads to a protein solution with a concentration of 3.47 wt%. After adding 0.02 wt% of sodium azide the solution was kept for 12 h at 4°C. For lower casein concentrations the skim milk was diluted in its own serum. The serum was obtained by ultrafiltration through a regenerated cellulose membrane (YM10, MWCO 10,000 Da) from Millipore Corporation (MA, USA). Prior to acidification the milk was allowed to equilibrate at least for 1 h at 25°C. The pH shift was induced by the addition of glucono-d-lactone (GDL, P99%, Sigma).
Results and discussion
To show the ability of our new instrument to measure the static scattering intensities as well as the intensity correlation function even in highly turbid samples correctly test experiments using suspensions of latex spheres of known size and narrow size distribution were measured. The concentration was increased from completely transparent samples up to the limit of the measurement. The concentration at which this limit is reached depends directly on the path length of the laser beam in the sample. In principle it is possible to reduce this path length to a few 100 lm by using a squared sample cell and measuring close to the edge. A so-called h À 2h scheme has been implemented previously using an additional sample goniometer to move the scattering cell accordingly in order to use this approach also for angles different from 90° [20] . However, by doing so it is only possible to measure at one particular angle at any given time and simultaneous multiangle measurements are not possible. Therefore it is impossible to measure the static scattering curve in a time-resolved way. This is only possible when all needed angles are measured at the same time and cylindrical cuvettes are used. In our experiments we have thus restricted ourselves to sample cells with an inner diameter of 2.4 mm or larger. Because of lensing effects due to the curvature of the glass surface it is difficult to further decrease the cell size.
Alignment procedure
The use of thin cylindrical cuvettes makes the measurement extremely sensitive to an exact alignment of the sample cell. The large curvature of the glass and the different refractive indices of the index matching liquid, the glass, and the sample cause refraction of the incident laser beam if the beam does not pass exactly through the center of the cell. The same is true for the scattered light on its path toward the detector. In the present case, the interfaces cause refraction to larger angles with respect to the normal line when the light enters the cell. The light path length within the sample and the detected scattering vector are altered when the cells are shifted relative to the beam. These effects become more pronounced the thinner the cell is. To guarantee exact measurements attention must be paid in exactly aligning the sample cell relative to the incoming laser beam. In Fig. 1 the effects of the shift of the sample cell perpendicular to the laser axis and the axis of the cuvette on the static intensities (Fig. 1a) and the hydrodynamic radii (Fig. 1b) are shown. A suspension of latex spheres of 190 nm in diameter was used for these experiments. The concentration was 0.1 wt%, which corresponds to a transmission of 15.5% for the cells used (2.4 mm inner, 3.0 mm outer diameter).
The changes in the static scattering intensities are mostly due to changes in the detected scattering vector. If the cell is moved perpendicular to the laser beam the incident laser beam hits the surface of the cell not at a right angle and is refracted. If the cell is moved slightly to the left side a larger scattering vector compared to the perfect alignment is detected in a detector placed at the left side of the instrument. For a cell displacement to the right side, the inverse situation occurs. Such a displacement leads to an additional systematic error in I(q). This behavior was exactly found in the experiment. In turbid samples the changing light path length in the sample is amplifying the effect on the static intensity.
In DLS the changes in the scattering vector have a strong influence as well. The correlation functions decay proportional to exp(ÀDq 2 s) with the correlation time s (D is the diffusion coefficient of the scattering particles). This means that a small error in the scattering vector can cause a relatively large error in the hydrodynamic radius which is calculated from D via the Stokes-Einstein relation [23] . In contrast to the static experiment, however, a variation of the light path length in turbid samples has no effect on the decay time whatsoever, only the intercept is affected. In Fig. 1b the dependence of the apparent hydrodynamic radius on the position of the cell is shown. Again, the detectors placed on different sides of the instrument shown different trends. In general, the radius appears to become smaller if the detected scattering vector becomes larger (the nominal scattering vector given by the position of the detector is used for the calculation). The changes in the apparent hydrodynamic radius are striking. Obviously there is only one position of the cell where all measured radii coincide. Moreover this radius is exactly the one specified by the supplier. Therefore the measurement of the dynamics as a function of the position of the cell allows for the precise determination of the center of the cell. Admittedly this is only possible for monodisperse samples or particles with a small size that lead to a form factor P(q) ' 1 at all angles.
If the sample cell is shifted along the laser axis there is no difference between detectors placed on the left and on the right side of the instrument. At all detector positions a decrease of the singly scattered intensity is observed if the cell is moved toward the laser source (Fig. 2a) . This is because scattering vectors which are too large are detected. For the same reason the apparent hydrodynamic radii are changing in the same direction (Fig. 2b) . The exact alignment of the sample cell in this direction is obviously not possible by the experiment shown in Fig. 2 . Therefore the goniometer was rotated as far as possible (50°) after the alignment perpendicular to the beam (Fig. 1) . Then the position in the other direction was optimized.
Test measurements with model system
In a next step we have investigated the ability of our instrument to perform multiangle dynamic and static light-scattering experiments with turbid samples and in particular demonstrate the possibility to obtain absolute intensities to give access to molar mass determination and structure factor measurements. We use monodisperse model suspensions with exactly known properties for this purpose. To avoid any influence of interactions 5 mM KCl was added [24] . This results in a hard sphere-like behavior, for which we expect a negligible effect of interparticle interactions at volume fractions up to / 6 0.003 despite the high turbidity. An estimate using the well-known relationship for the dependence of the collective diffusion coefficient D C and the osmotic compressibility dP/dc of hard spheres results in deviations of less than 0.5% for D C and 2.4% for dP/dc due to interaction effects.
The reliability of the dynamic light-scattering measurement in turbid samples is demonstrated in Fig. 3 . In Fig. 3a the intensity correlation functions of suspensions of latex spheres at different concentrations are shown. The intercept is decreasing with increasing concentration as expected. This is reflecting the increasing amount of multiply scattered light in the detected signal. If the correlation functions are normalized with respect to their intercept one can see that they overlap almost perfectly. Only the highest concentration, with a transmission of 0.4% only, gives a significantly different result. This is shown in Fig. 3b for one selected angle. The results of the other angles were very similar. As a consequence the hydrodynamic radii calculated by the cumulant method were very close (+/À2 nm) to the nominal value of 95 nm as specified by the supplier for all concentrations and all angles, except for the highest concentration. There, deviations due to the very low intercept and correspondingly very low signal-to-noise ratios were observed. It must be noted that the form factor of the particles significantly decreases with increasing angle in the observed q range, while the intensity of the multiply scattered light remains almost constant. As a result the ratio of singly scattered intensity to the overall intensity becomes smaller http://doc.rero.ch at larger angles for the most turbid samples. The resulting hydrodynamic radii are shown in Table 1 .
In Fig. 4a the scattered intensities, normalized by the concentration of the suspension, are shown as a function of the scattering vector q. For comparison the theoretical form factor calculated with Mie theory [25] is plotted as well. In Fig. 4b the transmission of the samples as a function of their concentration is shown. In agreement with the Lambert-Beer law there is a linear relation between the concentration and the logarithm of the turbidity. One can clearly see (Fig. 4a) that the scattering curves agree with the predicted one at all concentrations. Also the absolute calibration is in quantitative agreement. Only at the highest concentrations the errors of the transmission measurement and the determination of the amount of multiple scattering caused by the very low intercept add up to a relatively large uncertainty of the absolute calibration of about 20%.
As a rule of thumb it can be stated that both SLS and DLS are reliable as long as the transmission is above 2%.
Time-resolved measurements of skim milk acidification-a feasibility study
To demonstrate the effectiveness of our new instrument, experiments performed during the acidification of skim milk are reported here. Casein micelles are a key protein component of milk and clearly can be looked at as a naturally occurring food colloid of very high industrial relevance. Correspondingly they have been extensively studied in the past. Under native conditions, their colloidal properties are well described by a model of an electrosterically stabilized colloid particle, where a polyelectrolyte brush formed by the so-called j-casein provides the necessary colloidal stability. In the yoghurt-making process [26] [27] [28] [29] [30] the pH of milk is decreased until the j-casein brush becomes neutralized, collapses, and loses its stabilizing power. Aggregation of the casein micelles sets in and a gel is formed. To follow this process by lightscattering time-resolved experiments are needed. However, an additional difficulty arises from the self-assembled nature of the casein micelles which means that strong dilution of the system must be avoided. In order to mimic processing conditions the experiments must be performed at a high concentration, which means in the regime of excessive multiple scattering.
While there are studies using DWS to overcome this problem [31] , they provide only the temporal resolution of average properties such as the mean self-diffusion coefficient or the transport mean free path and in particular do not allow obtaining q-dependent static information or absolute molar masses of the aggregates formed in the early stages of aggregation.
A flat cell static light-scattering instrument was applied by Lehner and co-workers [32] to investigate the rennet-induced casein aggregation in undiluted milk in a time-resolved way. However, the instrument gives access to the static intensities only and not to the dynamics. In addition it is, to our knowledge, not possible to achieve absolute calibration using this approach. This means that absolute values for the aggregate weight and the aggregation number are not accessible. The cross-correlation functions measured at four different angles were analyzed with the cumulant method. a This unrealistic value is a result of an extremely small intercept of about 0.1%. http://doc.rero.ch
We believe that our multiangle 3D instrument is ideal to study these aggregation processes under native conditions, because it allows for simultaneous static and dynamic light scattering and provides a complete set of data which was not possible before.
In principle we are able to measure skim milk even at the natural casein concentration. However, it turns out that at this concentration the repulsive interactions between the caseine micelles significantly alter the static scattering signal. This causes an error in the Guinier extrapolation. Quantitative values for the forward scattering intensity and the radius of gyration can therefore only be obtained for weakly diluted samples. This, however, is a restriction due to the system under investigation and not an insufficiency of the instrumental setup. Some details about the concentration dependence can be found in Supporting Information.
The experiments were started immediately after the pH shift was initiated by the addition of glucono-d-lactone to skim milk. The pH of the sample was recorded in a separate cell. In Fig. 5a the raw data, which were only corrected for fluctuations in the laser intensity and placed on absolute scale, are shown. No attempts to correct for the multiply scattered light have been made. There are only minor changes in the scattered intensity until the aggregation sets in after about 8000 s. Then the intensity drops, which is counterintuitive at first sight. For an aggregating system an increasing scattering intensity is expected. This is due to the formation of larger clusters, which result in a strong increase of the average molar mass of the clusters that will diverge at the gel point. In the right panel of Fig. 5 I(0) and R G as determined by a Guinier extrapolation are shown. The data, however, are distorted by multiply scattered light. Some remarks concerning the choice of the angular range for the Guinier extrapolation are given in Supporting Information.
In a next attempt we corrected for the multiply scattered light by using the reduction in intercept as described in Eq. (5) . If the contribution from multiply scattered light is removed accordingly, the values are lower but the trends remain unchanged. This is shown in Fig. 5b which demonstrates that the drop of the scattered intensity after 8000 s is now even more pronounced. The reason for this behavior can be found in the strongly increasing turbidity of the sample. The cluster formation results not only in a strongly enhanced scattering cross section but also a correspondingly enhanced contribution from multiple scattering. At the same time the dramatically increased probability for scattering induces a strong reduction of the incident laser beam as well as in a strong reduction of the scattered light on its path to and from the scattering volume. Therefore the Guinier extrapolation (results shown in the right panel of Fig. 5b ) is still not giving the correct results for the forward scattering intensity. The data thus must be corrected for the concomitant changes in the transmission that are directly related to the visibly increasing turbidity of the sample using Eq. (6). The resulting angular dependence of the singly scattered light intensity on absolute scale as a function of time is shown in Fig. 5c . Now one can clearly see the strongly enhanced intensity at low angles and the increasing angular dependence as the aggregation proceeds.
The data set shown in Fig. 5c provides very detailed information about the temporal evolution of the overall weight average molar mass of the casein micelles, the average dimension through the radius of gyration R G (shown in the right panel of Fig. 5 ). The evolution of all these parameters and the hydrodynamic radius as function of the pH are summarized in Fig. 6 . The forward scattering intensity I(0) and the radius of gyration R G were obtained by a Guinier extrapolation, and the hydrodynamic radii R H were calculated by a cumulant analysis from the correlation functions and extrapolated to a scattering vector on zero. Fig. 6 provides detailed information about the structural rearrangements of the casein micelles caused by the pH shift as well as the subsequent aggregation and sol-gel transition once the stabilizing j-casein brush loses its stabilizing power. While a detailed analysis of the data is beyond the scope of this paper and will be reported elsewhere, it is worth pointing out a rather surprising feature that once again shows why time-resolved 3D measurements are vital to study nonequilibrium properties of this and other similar systems. The data do not exhibit the classical features of aggregating colloids with a monotonically increasing forward scattering intensity that appears to diverge at the gel point, but instead first shows a well pronounced minimum at about 4000 s or a pH of 5.5. Casein micelles are known to dissolve partially during acidification as a result of the solubilization of the calcium phosphate clusters that occurs at lower pH [33, 34] . Since these clusters are thought to be largely responsible for maintaining the integrity of the micelles, their dissociation in turn causes significant internal rearrangements and partial dissolution of the casein micelles. Due to the fact that casein micelles are self-assembled structures, this interplay between disintegration and aggregation is strongly concentration dependent. An understanding of the sol-gel process induced by acidification of milk is thus only feasible if time-resolved light-scattering experiments on an absolute scale are possible under industrially relevant conditions, where the casein solutions are highly turbid. Fig. 6 demonstrates that this is indeed possible with our new multiangle 3D instrument, and we will present a full account of a systematic study of this process in a forthcoming paper.
Conclusion
Colloidal suspensions under industrially relevant conditions are frequently turbid and thus very difficult to characterize with optical techniques commonly used for this purpose. The implementation of cross-correlation techniques in light-scattering techniques has recently provided us with instruments that significantly extend the range of applicability of dynamic and static light scattering. This is particularly important for self-assembled structures that do not allow for a strong dilution without altering their properties. The importance of working under industrially relevant conditions and the possibilities provided by the so-called 3D cross-correlation light-scattering technique has, for example, recently been demonstrated for milk samples [21] . While this technique allows for measurements with highly turbid samples due to the strong suppression of multiply scattered light, the individual measurements last much longer due to the reduced signal-to-noise ratio inherent to this measurement principle. In particular for polydisperse dispersions of larger particles, where measurements at different scattering angles are required in order to obtain a complete and meaningful experimental characterization, this results in rather long measurement times. While this poses no problem for equilibrium systems that are fully stable, it clearly limits the applicability of the technique to nonequilibrium systems that exhibit a temporal evolution of the particle properties. Here we now have described the design and implementation of a multiangle 3D instrument that allows a significant reduction in the measurement time for multiangle measurements with turbid samples.
The combination of a simultaneous measurement of static and dynamic light scattering at four angles with an on-line turbidity measurement has proven to be very powerful in determining the temporal evolution of a turbid colloidal sample undergoing restructuration and aggregation. The fact that the measurement time required for an individual measurement at four angles is reduced by a factor of 4 and that all angles and the transmission are always Fig. 6 . The experiment shown in Fig. 5 (acidification of skim milk diluted 10 times in its own serum) allows extracting several parameters as a function of reaction time or pH: the forward scattering intensity I(0) and radius of gyration R G determined by a Guinier extrapolation and the hydrodynamic radii R H from a Cumulant analysis of the correlation functions measured at several angles. The extrapolation of R H to a scattering vector of zero allows for the calculation of the parameter R G /R H , which is a useful measure of the interparticle mass distribution. measured at the same time is crucial for such systems. Moreover, the fact that the described alignment and normalization schemes allow for measurements on absolute scale even for samples exhibiting strong multiple scattering is a very important asset in such studies. This not only provides time-resolved information about the overall size and shape of the particles through measurements of the mean apparent radius of gyration and hydrodynamic radius, but also on the weight-average apparent molar mass on absolute units, which is indispensable when trying to distinguish among aggregation, dissolution, and restructuration. Our new instrument thus extends the applicability of dynamic and static light scattering to efficiently investigate the temporal evolution of aggregating or phase separating systems to turbid dispersions that are difficult to study otherwise.
